Aims: The association between serum uric acid (UA) levels and cognitive function is controversial since UA can be a risk factor for cerebral ischemia as well as acting as a neuroprotective antioxidant. Methods: We conducted a cross-sectional analysis of 228 elderly participants and examined neuropsychological test results, clinical data as well as brain magnetic resonance imaging data. Patients: Overall, 64 participants were diagnosed with cognitive deterioration. To control for the effect of sex differences, 2 independent sets of single-variable and multivariate logistic regression analyses were performed with quartiles divided into non-sexspecific and sex-specific cutoff values for UA. Results: In non-sex-specific quartiles, the participants in the highest quartiles of UA levels were found to be at a significantly higher risk of cognitive deterioration than those in the lowest quartiles. In sex-specific quartiles, the highest quartile showed an increased risk of cognitive deterioration, and a greater than fourfold increase in the risk in the highest quartiles was confirmed using multivariate regression models. However, no significant association was observed between serum UA levels and the presence of white matter lesions. Conclusions: Elevated serum UA levels were independently associated with cognitive deterioration. UA might have unknown adverse effects on cognitive function, other than causing vascular pathology.
Introduction
Uric acid (UA), which is the end product of purine metabolism, is an established risk factor for gout and urinary calculus. Recent epidemiological studies have shown a strong association between elevated serum UA levels and increased risk for myocardial infarction, stroke, and cardiovascular mortality [1] [2] [3] . The pathophysiological backgrounds of these positive associations are thought to be caused by vascular pathology, potentially due to UA. UA can stimulate vascular smooth muscle cell proliferation [4] [5] [6] and can also induce endothelial dysfunction by inhibiting nitric oxide production [7] . Elevated serum UA levels are also thought to be associated with systemic inflammation [8, 9] . These pathologies also cause brain damage. Thus, elevated serum UA levels are regarded as a potent risk factor for the development of dementia. Supporting this hypothesis, some populationbased cross-sectional studies on community-dwelling older adults have demonstrated a positive association between the increase in serum UA levels and cognitive deterioration [10, 11] .
On the other hand, some investigators believe that UA might have a beneficial effect on brain function. UA is a strong natural antioxidant, and potentially protects the cerebral tissues from oxidative stress caused by free radicals. In accordance with this hypothesis, higher serum levels of UA are reported to be associated with a significantly decreased risk of developing Parkinson disease [12] . Plasma UA levels were found to be reduced in patients with Alzheimer disease (AD) [13, 14] ; however, it is unknown whether this association is a reflection of the neuroprotective effects of UA or is the result of changes in the lifestyle of the patients with AD. Owing to these contradictory results, the association between serum UA levels and cognitive function remains controversial.
The aim of this study was to determine whether elevated serum UA levels could increase the risk for cognitive deterioration, independent of other health-related conditions and lifestyle factors. To this end, we conducted a cross-sectional analysis of neuropsychological test results, clinical data and brain magnetic resonance imaging (MRI) data, which were obtained from 228 individuals attending comprehensive medical checkups. We analyzed the brain MRI data of the participants in order to test for possible associations between asymptomatic white matter lesions (WML) and serum levels of UA. To adjust for the influence of sex differences on serum UA levels, we conducted an alternative analysis based on the sex-specific thresholds of serum UA levels.
Materials and Methods

Participants
Data for this study were obtained from voluntary participants in the "memory checkup," drawn from among individuals attending comprehensive medical checkups in the University of Tokyo Hospital between January 2009 and October 2011. This study was approved by the Institutional Review Board of the University of Tokyo Hospital. Participants were interviewed about their medical history, present health problems, and habits. They also underwent physical examinations, blood sampling, and 1.5-T brain MRI scans. Blood sampling and measurement of body weight were performed after 10 h of fasting. Systolic blood pressure was measured in a seated position after a 5-min rest using an automated blood pressure recorder, UDEX-Twin (ELK Corporation, Tokyo, Japan). MRI was performed using a 1.5-T Vantage scanner (Toshiba, Tokyo, Japan) and images were analyzed using the Advantage Workstation (GE Healthcare Japan, Tokyo, Japan). Periventricular hyperintensity and deep and subcortical white matter hyperintensities were evaluated by neurologists according to the criteria established by Fazekas et al. [15] . Patients with a periventricular hyperintensity grading of >1 or deep and subcortical white matter hyperintensities grading of >1 were defined as presenting with WML.
Cognitive Tests and Diagnostic Criteria
The participants underwent the Mini-Mental State Examination (MMSE), the Wechsler Memory Scale-Revised (WMS-R) Logical Memory (LM) story A immediate and delayed recall, and the Clock-Drawing Test (CDT). Each test was performed by neuropsychologists under the supervision of neurologists. A diagnosis of "cognitive deterioration" was established when the participant fulfilled at least 1 of the following 3 criteria: (a) MMSE score <27, (b) WMS-R LM story A delayed score lower than the cutoffs (education ≥16 years: >11; 10-15 years: >7; 0-9 years: >5), and (c) having subjective complaints of forgetfulness and a CDT score <4. These criteria were minor modifications of the inclusion criteria for late amnestic mild cognitive impairment (MCI), as defined by the Japanese Alzheimer Disease Neuroimaging Initiative. The presence of subjective complaints of forgetfulness was determined by the answer to a single question: "Do you have any problems with your memory?"
Laboratory Tests
Laboratory tests were performed in the Department of Clinical Laboratory at the University of Tokyo Hospital, which is an accredited laboratory conforming to ISO 15189 standards. Serum UA, high-density lipoprotein (HDL)-cholesterol, low-density lipoprotein (LDL)-cholesterol, triglyceride, and creatinine levels were measured by spectrophotometry using a JCA-BM 8040 automated analyzer (Nihon Denshi, Tokyo, Japan). Fasting blood glucose was measured with the glucose oxidase-peroxidase method using a GA08II automated glucose analyzer (A&T Corporation, Yokohama, Japan). The estimated glomerular filtration rate (eGFR) was calculated based on the following formula defined by Matsuo et al. [16] : eGFR (mL/min/1.73 m 2 ) = 194 × serum creatinine -1.094 × Age -0.287 (× 0.739, if female).
Data Analysis
A comparison between the 2 groups (cognitive deterioration/normal and male/female) was conducted using the Student t test for numerical data and χ 2 analysis for categorical data. The associations between serum UA levels and age, body weight, height, and body mass index (BMI) were examined using Pearson correlation coefficients. The associations between serum UA levels and sex, high/normal serum triglycerides, and high/normal fasting blood sugar levels were examined using t tests. Owing to the skewed distributions, the data for serum triglyceride and fasting blood sugar levels were categorized into "high" and "normal/low" with cutoff values of >149 and 109 mg/dL, respectively. These categorized data were used for association analyses with UA and logistic regression analyses, not for comparisons. The association between the quartiles of serum UA levels and the diagnosis of "cognitive deterioration" was analyzed using a single-variable logistic regression analysis. We also conducted a multivariate adjusted logistic regression analysis to adjust for the influence of other factors. The odds ratio (OR) was calculated to determine the risk for cognitive deterioration and WML with respect to serum UA levels; if the 95% confidence interval (CI) did not include 1.0, the OR was considered to be statistically significant. Statistical analyses were performed using JMP (Version 9.0.0, SAS Institute Inc., Cary, NC, USA).
Results
Between January 2009 and October 2011, 239 participants voluntarily underwent comprehensive medical checkups, including neuropsychological tests and brain MRI scans. Eleven participants were excluded from subsequent analyses as they regularly took antihyperuricemic agents. Among the remaining 228 participants, 28, 46, and 5 cases came under the cutoff values in the MMSE, WMS-R LM, and CDT tests, respectively. Ultimately, 64 individuals (36 men, 28 women) were diagnosed with cognitive deterioration ( Table 1 ). The cognitive deterioration group and the normal group significantly differed in terms of age (t 226 = -3.53, p = 0.0005), MMSE score (t 226 = 8.45, p < 0.0001), LM immediate score (t 226 = 11.2, p < 0.0001), LM late score (t 226 = 12.1, p < 0.0001), CDT score (t 226 = 3.50, p = 0.0006), systolic blood pressure (t 226 = 2.03, p = 0.044), eGFR (t 226 = -2.72, p = 0.0071), and serum UA levels (t 226 = 4.62, p < 0.0001). However, these groups did not differ in terms of sex (χ 2 (1, n = 228) = 3.72, p = 0.0536), education (t 226 = 1.53, p = 0.128), body weight (t 226 = -1.39, p = 0.165), height (t 226 = -0.544, p = 0.587), BMI (t 226 = -1.44, p = 0.150), presence of WML (χ 2 (1, n = 228) = 3.585, p = 0.058), or presence of subjective complaints of forgetfulness (χ 2 (1, n = 228) = 0.115, p = 0.734). The numerical data are presented as averages and standard deviations. The categorical data are presented as numbers and percentages. p values were calculated based on t tests for numerical data and χ 2 analysis for categorical data. BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; UA, uric acid; eGFR, estimated glomerular filtration rate; WML, white matter lesions. a One value is missing due to incomplete MRI data.
The baseline characteristics of the 228 participants (105 male individuals, 123 female individuals; age range: 33-88 years) are presented in Table 1 . Serum UA levels ranged from 3.2 to 10.1 mg/dL for men and from 2.4 to 7.9 mg/dL for women, and were significantly higher for men (t 226 = 9.59, p < 0.0001). Serum UA levels positively correlated with body weight (r = 0.447, p < 0.001), height (r = 0.342, p < 0.0001), BMI (r = 0.320, p < 0.0001), and inversely correlated with HDL-cholesterol levels (r = -0.289, p < 0.0001) and eGFR (r = -3974, p < 0.0001). The participants with high levels of serum triglycerides showed significantly higher serum UA levels than those without (t 226 = -4.36, p < 0.0001). Smoking (t 226 = -3.20, p = 0.0016) and alcohol (t 226 = 3.27, p = 0.0013) were the 2 habits found to be significantly associated with the elevation in serum UA levels.
To examine the association between serum UA levels and cognitive deterioration using logistic regression analyses, we divided the participants into quartiles based on their serum UA levels. The participants whose serum UA concentrations were under 4.7 mg/dL, 4.7-5.4 mg/dL, 5.5-6.2 mg/dL, and over 6.2 mg/dL were classified into groups 1, 2, 3, and 4, respectively. When diagnosis of cognitive deterioration/normal was regressed only on serum UA levels, the participants in the highest quartile of serum UA levels (group 4) had a significantly higher risk of cognitive deterioration compared to those in the lowest quartiles (group 1) (OR = 5.99, 95% CI = 2.56-15.2; Table 2 ). Individuals in groups 2 and 3 also showed a higher : male: 6.3-6.9 mg/dL and female 4.9-5.4 mg/dL, and group 4 [n = 48]: male >6.9 mg/dL and female >5.4 mg/dL). In the single-variable analysis, the diagnosis of cognitive deterioration/normal was regressed only onto serum UA levels and crude ORs are presented. In multivariate analyzes, the following variables were added and multivariate-adjusted ORs are presented: model 1: age, sex, BMI, and education, model 2: variables in model 1 plus systolic blood pressure, fasting blood sugar, triglyceride, LDL-cholesterol, HDL-cholesterol levels, eGFR, and the presence of WML (for cognitive deterioration/non-sex-specific serum UA quartiles and cognitive deterioration/sex-specific serum UA quartiles only), model 3: variables in model 2 plus alcohol, smoking, and exercise. OR, odds ratio; WML, white matter lesions; CI, confidence interval; UA, uric acid; WML, white matter lesion. risk for cognitive deterioration; however, this did not attain statistical significance (OR = 1.50, 95% CI = 0.60-3.94; OR = 2.31, 95% CI = 0.91-6.11, respectively). We next confirmed this association using multivariate logistic regression models adjusted for potential confounders. In model 1, diagnosis of cognitive deterioration/normal was regressed on age, sex, BMI, education, and UA levels. In model 2, systolic blood pressure, fasting blood sugar, triglyceride, HDL-cholesterol, and LDL-cholesterol levels, alongside eGFR, and the presence of WML were also included. Finally, we added parameters related to lifestyle habits such as smoking, alcohol consumption, and regular exercise in model 3. A UA-dependent increase in the risk of cognitive deterioration was consistently observed in each regression model. The OR (95% CI) of the highest quartile compared to the lowest quartile was 7.05 (2.46-21.9), 8.20 (2.51-29.2), and 9.40 (2.73-35.8) in models 1, 2, and 3, respectively.
As shown in Table 1 , the average concentration of serum UA was higher in male than in female participants. Meanwhile, the cognitive deterioration group included more male than female participants, although the difference was not statistically significant. Therefore, to correct for possible overestimation of the risk of cognitive deterioration due to sex differences in serum UA levels, we subsequently divided the participants into quartiles according to serum UA cutoff values, which were calculated separately by sex. In the group of male participants, the cutoff values for groups 1, 2, 3, and 4 were <5.5, 5.5-6.2, 6.3-6.9, and >6.9 mg/dL, respectively. In the group of female participants, the cutoff values for groups 1, 2, 3, and 4 were <4.2, 4.2-4.8, 4.9-5.4, and >5.4 mg/dL, respectively. Following this, single-variable and multivariate logistic regression analyses were performed on these quartiles using the same set of covariates as in previous analyses ( Table 2) . This alternative analysis further confirmed the increased risk of cognitive deterioration in the highest quartile of serum UA levels. A single-variable analysis gave a crude OR of 5.15 (95% CI = 2.22-12.7). In multivariate analyses, the adjusted OR (95% CI) was 4.04 (1.64-10.5), 5.46 (1.88-16.9), and 6.04 (1.99-19.8) in models 1, 2, and 3, respectively. Group 3 also showed a greater than twofold increase in the risk of cognitive deterioration in each model; however, statistical significance was reached only in model 3 (adjusted OR = 2.67, 95% CI = 1.01-7.51). On the other hand, unlike the previous analysis, the risk for group 2 was estimated to be lower than that for group 1. However, neither analysis yielded significant results for the relationship between groups 1 and 2.
We also analyzed the association between serum UA levels and the presence of WML in order to examine whether cognitive deterioration in people with high UA levels is caused by ischemic changes in the brain. To achieve this, we performed a logistic regression analysis with the presence of WML as a dependent variable ( Table 2 ). Independent variables, other than the presence of WML, were the same as those in the previous analyses. In non-sexspecific quartiles, an approximately twofold increase in OR was observed in single-variable and multivariate analyses of group 3; however, these were found not to be statistically significant. In addition, no such tendency was observed in sex-specific quartile analyses. None of these analyses could prove any significant association between serum UA levels and the presence of WML. Finally, we checked the association between the presence of WML and cognitive deterioration. Ten out of 64 cognitive deterioration cases and 12 out of 163 normal cases had WML. The χ 2 test did not show any significant differences in the prevalence of WML between cognitive deterioration cases and normal cases (χ 2 (2, n = 228) = 3.585, p = 0.058).
Discussion
In this study, we demonstrated that there is a positive association between concentrations of serum UA and cognitive deterioration in a Japanese population. The participants with serum UA levels in the highest quartile were estimated to have at least a fourfold higher risk of presenting with cognitive deterioration compared to those in the lowest quartile. This association remained statistically significant even after adjusting for confounding factors such as age, sex, BMI, education, systolic blood pressure, fasting blood sugar, triglyceride, HDL-cholesterol, LDL-cholesterol, and serum creatinine levels, as well as a smoking habit, alcohol consumption habit, and regular exercise. On the other hand, no positive association was observed between serum UA levels and the presence of WML. The same tendency was also observed in further sets of analyses in which the cutoff values of serum UA levels were determined separately by sex. This result further suggests that a UA-dependent increase in the risk of cognitive deterioration is common in both male and female individuals.
While there is a lot of controversy regarding the influence of UA on cognitive function, our results clearly support the idea that mildly elevated serum UA levels have a negative impact on cognitive function, which is sufficient to negate any potential benefits caused by the antioxidant properties of UA. Previous studies have mainly focused on UA as a risk factor for ischemic changes in the brain. An MRI-based quantitative study demonstrated that mildly elevated serum UA levels are associated with an increased burden of cerebral ischemic pathology, particularly in older adults [17] . Concentrations of UA in the cerebrospinal fluid were shown to be significantly higher in patients with vascular dementia but lower in patients with AD compared to healthy controls [18] . In this context, it is slightly unexpected that no significant association between serum UA levels and the presence of WML was observed in our population, although it should be recognized that there are limitations to using WML as an indicator of cerebral ischemia. One possible explanation for this discrepancy is that even subclinical levels of ischemic changes caused by UA can negatively impact cognitive function. Another argument is that there might be an unknown mechanism underlying the detrimental effects of elevated serum UA levels on cognitive function. More biological studies are needed to answer these questions.
Besides this study, at least 2 other cross-sectional studies have supported the hypothesis that increased serum UA levels are associated with cognitive deterioration [10, 11] . On the other hand, there has been one prospective population-based cohort study showing that increased serum UA levels are associated with better cognitive function later in life [19] . There are 2 possible explanations for this discrepancy. First, this may result from variations in the causes of elevations in serum UA levels, which are generally classified into 3 types: increased production of UA, decreased excretion of UA, and mixed type. It might be expected that the frequency of each type varies depending on the target population considered, since serum UA concentrations are influenced by many factors such as nutrition, alcohol consumption, genetic factors, and renal function. Moreover, hyperuricemia in the Japanese population is characterized by a high prevalence of the decreased excretion type, with the mixed and increased production types being less frequent [20] . Variations in the causes of hyperuricemia may differentially affect cognitive function. Second, this discrepancy may mean that the short-term effects of UA on cognitive function are different from its long-term effects. Most of the studies that showed that UA had an adverse effect on cognitive function were cross-sectional studies, in which UA measurement and cognitive tests were performed around the same time [10, 11] . On the other hand, the study showing a beneficial effect of UA focused on the cognitive outcomes of people with higher UA levels over the course of a decade [19] . Furthermore, progression of cognitive deterioration itself surely affects serum UA levels through changes in lifestyle, such as nutrition and exercise. From this perspective, the lower serum UA levels observed in patients with AD are not necessarily the cause of AD; however, they may instead reflect changes in lifestyle. To resolve this controversy, a more detailed time course analysis focusing on the association between cognitive function and serum UA levels is needed.
Our present study had at least 2 limitations. First, the "cognitive deterioration" group defined in this study is likely heterogeneous in the clinical stages of dementia, and possibly included not only pre-MCI but also MCI and even mild dementia since participants were not clinically diagnosed by a physician and there was no age cutoff or cognitive cutoff for participation. Thus, information relating to clinical diagnosis cannot be obtained from this study. Another possibility is that other disorders that can affect cognition, such as depression, hypothyroidism, and renal dysfunction, were not excluded from this study. Second, since we drew the data from voluntary participants of a health checkup, the population we analyzed is prone to include people with a high interest in health issues. Thus, our target population may not precisely reflect the general Japanese population because of this possible selection bias. Further studies based on larger populations are required to solve this problem.
We conclude that elevated serum UA is an independent risk factor for cognitive deterioration in the Japanese population. Our results suggest the possibility that the vascular pathology caused by UA alone is not the cause of cognitive deterioration. To elucidate how serum UA affects/is affected by changes in cognitive deterioration, further detailed studies focusing on the time course of changes in serum UA levels and cognitive function are needed.
